The Yersinia pestis adhesin molecule Ail interacts with the extracellular matrix protein fibronectin (Fn) on host cells to facilitate efficient delivery of cytotoxic Yop proteins, a process essential for plague virulence. A number of bacterial pathogens are known to bind to the N-terminal region of Fn, comprising type I Fn (FNI) repeats. Using proteolytically generated Fn fragments and purified recombinant Fn fragments, we demonstrated that Ail binds the centrally located 120-kDa fragment containing type III Fn (FNIII) repeats. A panel of monoclonal antibodies (mAbs) that recognize specific epitopes within the 120-kDa fragment demonstrated that mAb binding to 9 FNIII blocks Ail-mediated bacterial binding to Fn. Epitopes of three mAbs that blocked Ail binding to Fn were mapped to a similar face of 9 FNIII. Antibodies directed against 9 FNIII also inhibited Ail-dependent cell binding activity, thus demonstrating the biological relevance of this Ail binding region on Fn. Bacteria expressing Ail on their surface could also bind a minimal fragment of Fn containing repeats 9 -10 FNIII, and this binding was blocked by a mAb specific for 9 FNIII. These data demonstrate that Ail binds to 9 
FNIII of Fn and presents Fn to host cells to facilitate cell binding and delivery of Yops (cytotoxins of Y. pestis), a novel interaction, distinct from other bacterial Fn-binding proteins.
Binding of Yersinia pestis to host cells via the outer membrane protein, Ail, is critical for delivery of cytotoxic Yop proteins to host cells (1, 2) . Yop delivery requires host cell contact to initiate type III secretion from the bacterial cell to the host cell (3, 4) . The type III secretion process is hypothesized to occur by direct transfer of effector molecules from the bacterial cytoplasm to the host cell cytoplasm, without an extracellular intermediate (5) . Consistent with a role for Ail in Yop delivery in vivo, an ail mutant is highly attenuated, with a Ͼ3000-fold increase in LD 50 compared with the parental Y. pestis KIM5 strain in a mouse model of septicemic plague (1) , and recent studies indicate that Ail plays an important role in bubonic and pneumonic plague in mice and rats, contributing to serum resistance and adhesion-dependent immunosuppression due to type III secretion of Yop proteins (6, 7) . Thus, Ail is a major virulence factor for Y. pestis pathogenesis.
We previously reported that Ail from Y. pestis interacts with the host extracellular matrix protein, fibronectin (Fn) 2 (2) . This Ail-Fn interaction leads to efficient Yop delivery as inhibition of this interaction with anti-Fn antibody results in reduced levels of cytotoxicity. Thus, characterization of the mechanism of Ail-Fn interaction will contribute the understanding of virulence mechanisms of Y. pestis.
Fn is a critical extracellular matrix protein found throughout vertebrate hosts and is involved in many processes, including wound healing, tissue structure, cell migration, and embryonic development (8) . Previous studies with cultured fibroblasts found that Fn mediates cell-cell interactions and cell-substratum contacts, thus imparting tissue architecture (9, 10). As part of this process, cells within tissues synthesize soluble Fn, which is arranged into insoluble fibrils that make up extracellular Fn matrices.
Fn is a large complex glycoprotein found in blood, on cell surfaces, and within tissues (11, 12) that exists as a dimer of ϳ500 kDa, with the two monomers linked together by two disulfide bonds near the C terminus of the molecule. Fn is com-posed of 12 type I repeats (FNI), 2 type II repeats (FNII), and 15-17 type III repeats (FNIII) (13) .
To facilitate cell attachment, Fn binds host cell integrins (14, 15) as well as many other host cell components, including collagen (16) , heparin (17, 18) , and fibrin (17, 19) . The binding sites for these Fn substrates are depicted in Fig. 1A . The N terminus of Fn, including [1] [2] [3] [4] [5] FNI, is termed the matrix assembly site because it is responsible for the assembly of soluble Fn into insoluble fibrils. Integrin ␣ 5 ␤ 1 binds this N-terminal matrix assembly site (20, 21) in addition to the classical RGD binding motif in 10 FNIII (22), but ␣ 5 ␤ 1 binding to [1] [2] [3] [4] [5] FNI initiates host cell signaling events distinct from those observed with interaction with the RGD domain (23) .
Numerous bacteria encode Fn-binding proteins, taking advantage of Fn to facilitate host cell contact and, in some cases, cellular invasion (24) . Protein F1 (Sfb1) of Streptococcus pyogenes is one example (25, 26) . Protein F1 has multiple Fn binding repeats, each with the capability to interact with multiple FNI repeats in the N-terminal region of Fn, allowing high affinity, multivalent interactions (27, 28) . Staphylococcus aureus also binds the N-terminal region of Fn (29 -31) , using FnBPA (Fn-binding protein A) (32) . FnBPA interacts with Fn via multiple repeats, each of which binds to several FNI domains by ␤-strand addition, termed the ␤-zipper model (33, 34) . S. aureus can also bind the 120-kDa fragments of Fn, indicating that there are multiple S. aureus binding sites along Fn (35-37).
S. pyogenes and S. aureus protein F and FnBPA, respectively, use Fn to invade host cells by clustering of ␣ 5 ␤ 1 integrins on the surface of host cells (26, 32) . The Yersinia pseudotuberculosis autotransporter adhesion YadA also interacts with Fn (38) which then acts as a bridge to engage ␤ 1 integrins to mediate cell adhesion and invasion (39) . Thus, the use of Fn as a bridge for bacteria to engage host cells is a common strategy of bacterial pathogens.
To gain insight into the mechanism of Ail interaction with Fn, an event that facilitates Yop delivery, we mapped the Ail binding site on Fn. We present evidence that Ail binds 9 FNIII neighboring the RGD site in 10 FNIII, a unique location relative to other bacterial Fn-binding proteins. The potential repercussions of such a binding mechanism on cell signaling and Yop delivery are discussed.
EXPERIMENTAL PROCEDURES
Strains and Culture Conditions-Escherichia coli AAEC185 strains were cultured in Luria-Bertani (LB) broth or LB agar at 28°C or 37°C. Lactococcus lactis strains were cultured in M-17 medium supplemented with 0.5% D-glucose (GM-17 medium) at 30°C without shaking. Y. pestis strains were cultured in heart infusion broth (Difco) or heart infusion agar (Difco). Antibiotics were used at the following concentrations: chloramphenicol ϭ 25 g/ml and erythromycin ϭ 10 g/ml. Isopropyl-␤-D-thiogalactopyranoside (IPTG) was used at a 100 M concen-FIGURE 1. Ail binds 120-kDa fragment of Fn. A, Fn fragments used in this study are illustrated. B, Fn, commercially available proteolytically generated Fn fragments, and purified recombinant Fn fragments were adsorbed onto plastic wells (10 g/ml). E. coli AAEC185 derivatives expressing empty vector and Ail were added to the wells and allowed to bind at 37°C. Bound bacteria were stained with 0.01% crystal violet, washed, and the cells were then solubilized, to read the A595. C, wells were coated with various forms of Fn (10 g/ml), and L. lactis derivatives were added as described above. *, p Ͻ 0.01; **, p Ͻ 0.00005. tration unless otherwise noted. Plasmids and strains used in this study are listed in supplemental Table S1 . (40) . The following antibodies were used: polyclonal rabbit anti-human Fn antibody (Sigma, F3648), monoclonal mouse anti-Fn (anti-10 FNIII, 3E3, Chemicon, MAB88916). Other mouse or rat antihuman Fn monoclonal antibodies used in this study have been described previously (28, 41, 42) . Rat monoclonal antibodies used in this study were a kind gift from Dr. Kenneth Yamada, NIDCR, National Institutes of Health. Recombinant 9 -10 FNIII was overproduced in E. coli strain Rosetta (DE3) pLysS, following PCR from the vector pRSET-CЈ (XhoI ؊ ) (43) and ligation into the His-tagging bacterial expression vector pET30bϩ with a tobacco etch virus cleavage site in place of the enterokinase cleavage site primers 5Ј-gatatacatatgggtcttgattc-3Ј and 5Ј-gatcggtacccatctgggatggtttgtc-3Ј. Protein was overexpressed in 1 liter of culture with 1 mM IPTG at room temperature overnight and purified over a nickel-agarose column as described by the manufacturer (Qiagen).
Preadsorbed Antibody Blocking Assay-20 g/ml of fulllength plasma Fn, 70-kDa, or 120-kDa fragments were immobilized onto a 96-well plastic plate overnight at 4°C. Rabbit anti-Fn polyclonal antibody (Sigma, F3648), was added to each Fn derivative at a concentration of 1:25. After 2 h of incubation, the solution was transferred to a fresh well coated with plasma Fn, 70 kDa, or 120 kDa (as in the previous treatment) and incubated for another 2 h. This preadsorption was performed a total of four times. The resulting solution was then used in a subsequent bacterial binding assay as described below.
Bacterial Binding to Fn and Antibody Blocking AssaysThese assays were performed as described previously (2) . Briefly, polystyrene 96-well plates (BD Scientific) were coated with 10 g/ml plasma Fn overnight at 4°C. E. coli AAEC185 derivatives were cultured overnight at 28°C in LB ϩ 100 M IPTG. Y. pestis derivatives were cultured overnight at 28°C, followed by a 1:50 dilution of the overnight culture in fresh HIB ϩ 100 M IPTG. L. lactis was grown overnight in GM-17 medium at 30°C without shaking. The following day, wells were washed with PBS before blocking with blocking buffer (PBS ϩ 2% BSA). The bacterial cells were normalized to an OD 600 (OD 620 for Y. pestis) of 1.0 in PBS ϩ 0.4% BSA. 50 l of bacterial suspension was added to the appropriate wells. The plate was incubated at 37°C for 2 h. The wells were washed with PBS before fixing with methanol. The bacteria bound to the wells were stained with crystal violet, washed, and solubilized with an 80% ethanol/20% acetone solution, and the absorbance was measured at ABS 595 .
Antibody blocking assays were performed similarly to the bacterial binding assays except antibodies were diluted to ϳ40 g/ml and were added to Fn-coated wells 1 h prior to the addition of 10 l of 5-fold concentrated bacteria (i.e. OD 600 ϭ 5.0 for E. coli; OD 620 ϭ 5.0 for Y. pestis).
Cell Binding Assays-HEp-2 cells were cultured in 24-well tissue culture plates until reaching 80 -90% confluence. Y. pestis KIM5 D27 strains were cultured overnight and then diluted 1:50 the next day in fresh medium. Strains were allowed to grow for an additional 4 h at 28°C. Tissue culture cells were washed with PBS and polyclonal rabbit anti-human Fn antibody and monoclonal antibodies were diluted in tissue culture media without serum with 20 mM HEPES, pH 7.0, for a final concentration of 40 g/ml. Bacteria were added at a multiplicity of infection of 100. Plates were incubated with bacteria at 37°C in 5% CO 2 for 105 min. Cells were then washed with PBS, and cell-associated bacteria were liberated by the addition of sterile H 2 O containing 0.1% Triton X-100 for 10 min. Percent adhesion was calculated by dividing bound cfu by total bacteria in the well at the end of a 105-min incubation and then multiplying by 100.
Fine Epitope Mapping-Monoclonal antibodies previously shown to react with 9 FNIII or 10 FNIII (42, 44, 45) were tested by direct enzyme-linked immunosorbent assay for recognition of a coating of purified Fn from human, cow, rat, or mouse or of diluted chicken serum. The method was as described previously (28) except that the secondary antibody was peroxidase-conjugated donkey anti-rat IgG (HϩL) (Jackson ImmunoResearch Laboratories, West Grove, PA). Comparison of amino acid differences among species and reactivity of the antibody with Fn from the various species allowed identification of responsible residues. The residues were numbered in reference to human Fn (UniProtKB Entry P02751) in its nonprocessed pre-pro form (i.e. from the initiating methionine) that includes the alternatively splice ED-B FNIII module (i.e. the longest form) and located in the crystal structure of 7-10 FNIII of human Fn (46) .
RESULTS
Bacteria Expressing Ail Bind to 120-kDa Fragment of Fn-To characterize the mechanism of Ail interaction with Fn, we sought to map the Ail binding domain on Fn. Fn can be proteolytically cleaved into various sized fragments (Fig. 1A) , and others have shown that some bacteria can bind to these smaller fragments with an efficiency similar to full-length Fn (47, 48) . Thus, we used these fragments to identify the Ail binding site. Commercially available 30-, 45-, 70-, and 120-kDa Fn fragments were adsorbed to 96-well microtiter plates and used for bacterial binding assays. E. coli expressing Ail from the inducible plasmid pMMB207 (49) bound immobilized full-length Fn (plasma Fn) to high levels. This level of binding was set at 100%. Although Ail bound to the centrally located 120-kDa fragment of Fn, it did not mediate binding to the N-terminal 30-, 45-, or 70-kDa fragments (Fig. 1B) . This indicates that Ail interacts with a region within the 120-kDa fragment, which includes most of the FNIII modules, including 2-11 FNIII (Fig. 1A) . E. coli expressing empty vector did not bind to any fragment tested, and binding to cellular Fn gave levels of binding similar to those seen with immobilized plasma Fn (Fig. 1B) , indicating that upon immobilization on polystyrene plates, plasma Fn exposes domains inaccessible when present in its soluble globular conformation (supplemental Fig. S1 ).
Proteolytically generated Fn fragments can contain minor levels of contamination with other Fn fragments. Thus, we also tested purified recombinant Fn constructs with various N-terminal and C-terminal end points for Ail binding. These His 6 -tagged recombinant Fn proteins were generated previously from cultured insect SF9 or High 5 cells to allow appropriate eukaryotic modifications and purified via nickel-agarose (40) .
Consistent with Ail binding to the 120-kDa proteolytically generated Fn Fragment, E. coli expressing Ail also bound to the 1 FNIII-C fragment, containing Fn sequences from 1 FNIII to the C terminus (Fig. 1, A and B) . Furthermore, Ail did not facilitate E. coli binding to the most N-terminal fragment, N-5 FNI, nor to the larger N-terminal fragment, N-3 FNIII, containing sequences from the N terminus of Fn to 3 FNIII (Fig. 1, A and B) . 2 FnIII-3 FNIII are present in the 120-kDa fragment, thus, these data provide evidence that Ail does not bind this region of the 120-kDa domain. Again, these data support the position of the Ail binding site in the 120-kDa fragment of Fn.
To ensure that the N-terminal fragments of Fn were competent for bacterial binding, we demonstrated that L. lactis strains expressing FnBPA from S. aureus were able to mediate binding to proteolytically generated or recombinant Fn derivatives containing the N terminus of Fn (Fig. 1C) . Thus, the N-terminal Fn derivatives were competent to support bacterial adhesion by bacterial proteins known to bind the N-terminal domain of Fn (50) .
We also performed dose-response binding curves to fulllength Fn and various Fn fragments and showed all fragments capable of supporting binding reached maximal binding at a coating concentration of 10 -20 g/ml (supplemental Fig. S2 ).
Antibodies to Regions in 120-kDa Fragment Block Ail Binding-As the Fn binding data indicated Ail binds to the 120-kDa fragment, we predicted that antibodies directed against this region would block Ail-mediated bacterial binding. To obtain polyclonal antibodies enriched for those reactive against the 120-kDa or 70-kDa Fn fragments, we preadsorbed a commercially available polyclonal anti-Fn antibody to the N-terminal 70-kDa Fn fragment, central 120-kDa fragment, or fulllength Fn to remove antibodies that bind those fragments. Remaining unbound antibodies from each treatment were tested for inhibition of Ail-mediated bacterial binding to immobilized full-length Fn. Without any antibodies present, bacteria expressing Ail bound to immobilized Fn well, and preincubation with the nonadsorbed polyclonal anti-Fn antibody (at 20 g/ml) led to ϳ60% inhibition of Ail-mediated binding to immobilized full-length Fn (supplemental Fig. S3 ), as seen previously (2). Anti-Fn antibodies preadsorbed to the 70-kDa fragment (enriched for anti-120-kDa antibodies) were still able to block Ail-mediated binding, similar to nonadsorbed anti-Fn antibody, whereas antibodies preadsorbed to the 120-kDa Fn fragment (enriched for anti-70-kDa antibodies) did not block Ail-mediated binding (supplemental Fig. S3 ). Thus, antibodies capable of blocking Ail-mediated cell binding map to the 120-kDa fragment. Antibodies preadsorbed to full-length immobilized plasma Fn were unable to block Ail-mediated binding to Fn, as expected. This commercially available polyclonal anti-Fn antibody does contain antibodies that recognize various epitopes along the entire length of the Fn molecule including the N terminus (supplemental Fig. S4) .
To define the Ail binding site on Fn further, we utilized monoclonal antibodies that bind previously mapped regions of Fn ( Fig. 2A) (28, 41, 42, 44, 45) . Plastic microtiter wells were coated with full-length plasma Fn and preincubated with 40 g/ml (purified) or a 1:500 dilution (ascites) of the monoclonal antibodies before the addition of E. coli expressing Ail or empty vector. Without antibody addition, Ail mediated efficient binding to immobilized plasma Fn (set to 100%) whereas the polyclonal anti-Fn antibody completely blocked Ail binding (Fig. 2,  B and C) . Ail-mediated binding to Fn was completely inhibited by three monoclonal antibodies (3B8, 13G12, and 12B4; Fig.  2C ). Based on their recognition of recombinant Fn fragments of variable length, these antibodies were deduced to bind to module 9 FNIII (within the 120-kDa fragment of Fn) (42) . The 3E3 and 16G3 antibodies, which map to module 10 FNIII (42, 44, 45) , and LabMab, which maps within [3] [4] [5] [6] [7] FNIII (41), showed modest or no inhibiting activity (Fig. 2C) . None of the antibodies directed against type I or early type III repeats blocked Ailmediated binding (Fig. 2B) (28) . These data indicate that Ail binds within module 9 FNIII, a unique binding site for characterized bacterial Fn-binding proteins. 9 -10 FNIII-We next sought to map more finely the binding site for Ail on Fn. The three antibodies that inhibited Ail binding to Fn (3B8, 13G12, and 12B4) had previously been mapped to module 9 FNIII, with 13G12 and 12B4 competing with one another for Fn binding (42) . Using Fn molecules from five different species (human, mouse, bovine, rat, and chicken), we determined the reactivity of each antibody by direct ELISA (supplemental Fig. S5 ). The 13G12/12B4 and 3B8 antibodies that blocked Ail-mediated adhesion to Fn recognized only human Fn, narrowing their recognition epitopes to three potential residue clusters all on a similar face of 9 FNIII in the crystal structure of 7-10 FNIII (Fig. 3A and supplemental Fig. S5 ) (46) . The noninhibitory antibody, 16G3, recognized human, bovine, and chicken Fn, defining epitopes that are either on the opposite face of 10 FNIII from Ail or at the distal end of 10 FNIII in the crystal structure ( Fig. 3A and supplemental Fig. S4 ). The fact that antibody 3E3, previously mapped to 10 FNIII (44, 45), recognized only human and bovine Fn indicates that binding by 3E3 requires residue Ala-1550 and/or Ser-1597, both of which are at the distal end of 10 FNIII (Fig. 3A and supplemental Fig.  S4 ). That both 16G3 and 3E3 block RGD-dependent cell adhesion, but showed only minimal inhibitory activity on Ail binding, further indicates that Ail binding to Fn is distinct from cell adhesion to 10 FNIII. Thus, Ail appears to bind within 9 FNIII on a similar face of the Fn molecule as the RGD in 10 FNIII and the synergy region within 9 FNIII that contributes to RGD-mediated cell adhesion by ␤ 1 integrins (Fig. 3B) (46, 51, 52) .
Fine Epitope Mapping of Monoclonal Antibodies within Modules
Antibodies That Interfere with Ail/Fn Interaction Inhibit Ailmediated Cell Binding-Given that a major role for Ail bound to Fn is to facilitate cell binding and Yop delivery (2), we determined whether antibodies that block Ail-mediated Fn binding also affected binding to host cells. First, we assessed binding to HEp-2 cells in the presence of antibodies using Y. pestis strain KIM5 D27 ⌬pla. This strain lacks plasminogen activator (Pla), thus the remaining Fn binding activity is primarily Ail-dependent (2) . Addition of mAbs 13G12 or 3B8 directed against 9 FNIII blocked binding of KIM5 D27 ⌬pla to HEp-2 cells as expected, and they blocked binding with an efficiently similar to the polyclonal anti-Fn antibody (Fig. 4) . Addition of both 13G12 and 3B8 in combination did not give any additional inhibition (Fig. 4) . Antibodies to a more N-terminal region of Fn (5C3) did not inhibit Ail-mediated Y. pestis binding to HEp-2 cells, nor did the anti-10 FNIII mAb, 3E3 (Fig. 4) . Deletion of ail in the KIM5 D27 ⌬pla background reduced bacterial binding to 3% relative to the KIM5 D27 ⌬pla parent.
Ail Binds Minimal Fn Fragment Containing 9 -10 FNIII-Because Ail binding to Fn is blocked by mAbs mapping to 9 FNIII, we purified a derivative of human Fn harboring 9 -10 FNIII to determine whether it was sufficient to support Ail-mediated bacterial binding. Immobilization of this 193-amino acid fragment of Fn allowed E. coli expressing Ail to bind to microtiter wells, and binding was inhibited by the addition of mAb 13G12 (Fig. 5) , which maps to 9 FNIII. Thus, we have confirmed our antibody-based mapping of the Ail binding site to a minimal region of Fn, 9 FNIII.
DISCUSSION
Ail interactions with Fn are important for Ail-mediated virulence functions such as host cell binding and Yop delivery (2) . In this study, we sought to identify the Ail binding site on the Fn molecule to further understand this critical interaction. Proteolytically generated and recombinant Fn fragment binding studies and antibody inhibition assays indicated that Ail binds 9 FNIII within the120-kDa fragment (Figs. 1-3 and 5). As most bacterial Fn-binding proteins characterized to date recognize FNI repeats near the N terminus of Fn (34, 53) , binding within the 120-kDa domain represents an unusual, but not unprecedented (48, 54 -56) , mechanism of bacterial binding to Fn.
In the course of precisely defining the binding site of Ail on Fn, we epitope-mapped several anti-Fn monoclonal antibodies that inhibit Ail binding to Fn. Based on previous deletion mapping (42) and our epitope mapping of these mAbs, the three mAbs that inhibit Ail binding to Fn, 3B8, 13G12, and 12B4, bind to a similar face of 9 FNIII (Fig. 3 and supplemental Fig. S4 ). Furthermore, they bind a similar face of Fn as the RGD cell adhesion motif in 10 FNIII and the synergy region in 9 FNIII (46, 51, 52). Two antibodies that map to the neighboring 10 FNIII, 3E3 and 16G3, did not prevent Ail binding to Fn. Thus, the Ail binding site does not appear to extend into 10 FNIII. Whereas inhibition of Ail-mediated binding to pure Fn was completely inhibited by anti-Fn antibodies (Fig. 2, B and C) , binding to host cells was blocked less dramatically (40 -50%, Fig. 4 ). This may be due to host cells synthesizing more Fn than is present in the purified Fn binding assays (thus substantially more Ab would be required for complete inhibition), the Fn deposited by cells being less accessible to anti-Fn antibodies and/or Ail having other substrates in addition to Fn on host cells. We have observed incomplete inhibition of Ail-mediated binding to HEp-2 cells previously (2) . Laminin was recently shown to be a ligand for Ail, and laminin also contributes to Ail-host cell interactions (57) . In this same study, the tip of extracellular loop 3 of Y. pestis Ail was disordered (57) . This is of particular interest, as we have recently identified Phe-130 of Ail, present in the unstructured turn, as important for Ail-mediated binding to host cells. 3 Thus, the third extracellular loop of Ail may obtain order upon interaction with Fn in a fashion similar to other ␤-zipper type Fn-binding proteins (33) .
Given that Ail binds near the RGD of Fn and likely occludes the previously characterized synergy region in 9 FNIII that is required for efficient RGD-dependent cell adhesion via ␤ 1 integrins (51, 52) , Ail may present Fn to cells in a fashion that fails to generate the same cell signaling events associated with traditional Fn-␤ 1 integrin interactions (58 -60) . Such altered signals may lead to activation of pathways required for efficient Ail-mediated type III secretion of Yop proteins, a process known to require specific cell signaling events (61) . We demonstrate in this study that the RGD region of Fn does not contribute to Ail-mediated Fn binding (Fig. 4) , but it may contribute to Ail-mediated Yop delivery. If the RGD region is required for Yop delivery, we hypothesize that either Ail utilizes the dimeric nature of Fn to bind one strand of Fn, leaving the other free to engage integrin ␣ 5 ␤ 1 , or RGD-mediated interaction with ␣ 5 ␤ 1 , even in the absence of contributions from the synergy region (which would be occluded by Ail binding to 9 FNIII), generates sufficient signals for type III secretion of Yops. Differential signaling requirements for high affinity invasin-mediated cell invasion versus Yop delivery have been demonstrated previously (61) . The contribution of the RGD region and specific integrin receptors in Ail-mediated Yop delivery will be the subject of future studies.
The findings presented here demonstrate that Ail binds a unique region of Fn, 9 FNIII, for bacterial Fn-binding proteins. Upon binding this region, Ail then presents Fn to host cell 3 T. M. Tsang and E. S. Krukonis, unpublished data. A, based on unique residues in Fn from five different species and the reactivity of each mAb, potential interaction residues in 9 -10 FNIII are proposed (see also supplemental Fig. S5) . B, using OmpX of E. coli as an Ail homolog (62), a model of Ail binding to 9 FNIII in a region overlapping the synergy region (51) but exposing the RGD domain is proposed. Repeats 7-10 FNIII were structurally determined by Leahy et al. (46) . receptors to facilitate Yop delivery (2), a process required for plague pathogenesis.
